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The free hole concentration and the low-field transport properties of Al-doped 4H-SiC epilayers
with several acceptor concentrations grown on semi-insulating substrates have been investigated in
the temperature range from 100 to 500 K by Hall-effect measurements. Samples have been grown
by cold-wall chemical vapor deposition CVD in the Al acceptor concentration range from 3
1015 to 5.51019 cm−3. The dependencies of the acceptor ionization ratio at 300 K and the
ionization energy on the acceptor concentration were estimated. Numerical calculations of the hole
Hall mobility and the Hall scattering factor have been performed based on the low-field transport
model using relaxation-time approximation. At the low acceptor concentrations, the acoustic phonon
scattering dominates the hole mobility at 300 K. At the high acceptor concentrations, on the other
hand, the neutral impurity scattering dominates the mobility. A Caughey–Thomas mobility model
with temperature dependent parameters is used to describe the dependence of the hole mobilities on
the acceptor concentration, and the physical meanings of the parameters are discussed. © 2009
American Institute of Physics. DOI: 10.1063/1.3158565
I. INTRODUCTION
Silicon carbide SiC is an attractive wide bandgap semi-
conductor material for use in high-power, high-frequency,
and high-temperature device applications, since it has supe-
rior physical and electronic properties such as high break-
down field, high thermal conductivity, and high saturation
electron drift velocity.1,2 Among a number of SiC polytypes,
4H-SiC is a key material for manufacturing electronic de-
vices because of a wider bandgap, high electron mobility,
and its small anisotropy.
For characterizing the transport of charged carriers and
formulating the current in semiconductor devices, it is im-
portant to understand a full picture of transport properties
such as the dependence of the carrier concentrations and the
mobilities in SiC on temperature and doping concentration in
both the n- and p-type materials since SiC devices operate in
a wide temperature range. A great deal of attention has been
paid to the electron transport properties in SiC,3–5 but for the
p-type 4H-SiC, there have been only a few reports on the
fundamental properties such as the acceptor-concentration
dependence of the ionization energy and the temperature de-
pendence of the hole mobility.6–8
Aluminum Al has been particularly attractive to form
heavily doped p+-regions with reasonable sheet resistance
because Al acceptors have smaller ionization energy
191–230 meV Refs. 9 and 10 than boron B acceptors
285–390 meV Refs. 11 and 12 in 4H-SiC.
In this study, the authors have investigated fundamental
electrical properties of Al-doped 4H-SiC such as ionization
energy and mobility by Hall-effect measurements. To clarify
the hole scattering mechanisms, the authors calculated the
temperature dependence of the hole mobility considering the
neutral impurity scattering, the ionized impurity scattering,
and the lattice scatterings, and the major scattering mecha-
nism is discussed.
II. EXPERIMENTAL DETAILS
A series of Al-doped 4H-SiC samples with different Al
doping concentrations were grown by atmospheric-pressure
chemical vapor deposition CVD with a horizontal cold-
wall reactor in a SiH4–C3H8–H2 system.13 The samples
were grown on commercially available high-purity semi-
insulating 4H-SiC 0001 wafers 8° off-oriented toward
112¯0. The samples were etched by HCl 3 SCCM SCCM
denotes cubic centimeter per minute at STP with H2 carrier
gas 1.0 slm at 1300 °C for 20 min in the CVD reactor.
After the HCl /H2 etching, the substrate temperature was in-
creased to 1500 °C, and the epitaxial growth was started. In
situ Al doping was performed by simultaneous supply of
trimethylaluminum TMAl during growth with a constant
C /Si ratio of 3. The flow rates of SiH4, C3H8, and H2 were
0.50 SCCM, 0.50 SCCM, and 3.0 slm, respectively, which
resulted in a growth rate of 3.3 m /h. The thicknesses of the
Al-doped epilayers were 5.5–6.6 m. The variation of the
thickness comes from different growth time, which was in-
tentionally changed. The TMAl flow rate was varied in the
range from 1.510−3 to 3.010−1 SCCM. For the samples
grown under the conditions of TMAl flow rate lower than
1.510−2 SCCM, the TMAl vapor diluted to 150 ppm in H2
gas was used. For the higher TMAl flow rate conditions, the
TMAl vapor was generated by bubbling H2 as a carrier gas.
The TMAl source temperature was kept at 17 °C. All
samples have a smooth surface with no evidence of step
bunching determined by atomic force microscope.
After the growth, ion implantation of Al+ was carried out
for the lightly doped samples to obtain low-resistance OhmicaElectronic mail: koizumi@semicon.kuee.kyoto-u.ac.jp.
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contacts, especially at low temperature. The postimplantation
annealing was performed in the CVD reactor at 1550 °C for
20 min in the atmospheric pure Ar ambience. For Ohmic
contacts, Ti /Al /Ni was evaporated on the surface through a
mask followed by rapid thermal annealing at 1000 °C in Ar
ambience for 10 min. The clover-leaf-shaped mesa structure
was fabricated by reactive ion etching RIE for Hall-effect
measurements. The Al+-implanted layer near the surface ex-
cept for the region beneath the electrodes was removed by
RIE using the electrode metal as an etching mask. The sche-
matic structure of the sample is shown in Fig. 1. Variable-
temperature Hall-effect measurements using van der Pauw
configuration were performed in a temperature range from
100 to 500 K and in a magnetic field of 0.5 T using a Hall
measurement system HL5500 from Accent Optical Tech-
nologies.
III. RESULTS AND DISCUSSION
A. Temperature dependence of hole concentration
Figure 2 shows the temperature dependence of the free
hole concentration p for the Al-doped 4H-SiC epilayers with
different acceptor concentrations. The free hole concentra-






where rH is the Hall scattering factor for holes, assumed to
be unity independent of temperature in this figure, and q is
the elementary charge. The hole concentrations were expo-
nentially increased with increasing temperature. The accep-
tor concentration was evaluated by a least squares fit of the
neutrality equation based on the Boltzmann approximation
with a single acceptor level to the experimental data. The
neutrality equation is given by







where NA is the concentration of acceptors, EA the ioniza-
tion energy of Al acceptor, Ncomp the concentration of com-
pensating states, gT the temperature dependent acceptor
degeneracy factor, T the absolute temperature, and kB the
Boltzmann constant. The effective density of states NVT in
the valence band is given by
NVT = 2	2mdh* TkBTh2 
3/2, 3
where h is the Plank constant and mdh
* T is the temperature
dependent density-of-state effective mass of hole in 4H-SiC,
which is calculated by Wellenhofer et al.14
The temperature dependence of gT comes from pos-
sible excited ground states of the aluminum acceptor.8,15 Re-
cently, Matsuura et al. proposed a distribution function,
which was considered an ensemble average Eex,nT of the
ground and excited state levels of the acceptor into the dis-
tribution function in addition to the excited states.16–18 In the
distribution function, the degeneracy factor gnT is given
by16




gr expEr − EAkBT 
 , 4
where Er is the energy separation between EV and the r
−1th excited state level, gA is the acceptor degeneracy fac-
tor of 4, and gr is the 1−1th excited state degeneracy fac-









and an ensemble average of the ground and excited state









gr exp− EA − ErkBT 
, 6
where mh
* is the hole effective mass for 4H-SiC, 0 is the
vacuum permittivity, and s is the static dielectric constant
for 4H-SiC. Here, we used s= ss
2 1/3=9.78, where s
=10.03 and s=9.66 were taken from the value given by
Patrick and Choyke,20 and assumed mh
* /m0=1 for simplicity






FIG. 1. The schematic structure of the sample for Hall-effect measurements.






























NA = 5.5 x 10
19 cm-3
NA = 2.6 x 10
18 cm-3
NA = 1.8 x 10
17 cm-3
FIG. 2. Temperature dependence of free hole concentration for Al-doped
4H-SiC with different acceptor concentrations.
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ered up to sixth n=7, which is sufficient for p-type SiC.18
In Fig. 2, the numerical results are plotted as solid lines,
and the evaluated acceptor concentrations are also shown.
On the other hand, the compensation ratio in our samples is
so low that we could not define Ncomp. Therefore we assumed
Ncomp=0 in the numerical results shown in Fig. 2. In spite of
the assumption, they are well fitted to the experimental data
in the temperature range from 200 to 500 K.
B. Ionization ratio and ionization energy of acceptors
Figure 3 shows the acceptor ionization ratio p /NA as a
function of the acceptor concentration at 300 K. Experimen-
tal data are denoted by filled circles. The solid curves indi-
cate the results of the calculation from Eq. 2 assuming the
Al acceptor ionization energy EA of 130, 160, 190, 220,
and 250 meV with a constant compensation density Ncomp of
21015 cm−3, which is the typical concentration of nitrogen
donors in the undoped 4H-SiC samples grown under the
present C /Si ratio by the CVD reactor employed in this
study. The typical concentrations of deep traps in Al-doped
epilayers are in the 1012–1013 cm−3 range,21 which is well
below the nitrogen concentration. As well known, the ioniza-
tion ratio is as low as 0.05–0.1, that is, the most part of the
doped Al acceptors are as neutral impurities. As the acceptor
concentration increases, the ionization ratio decreases be-
cause the Fermi level moves toward the valence band maxi-
mum EV, and the neutral impurity concentration relatively
increases. The decrease in ionization ratio is smaller than the
calculated results assuming the same ionization energy, espe-
cially in the acceptor concentration higher than 2
1018 cm−3. This result arises from the reduced ionization
energy of acceptors in heavily doped samples.
By fitting Eq. 2 to the experimental data, EA at each
doping concentration can be determined. Figure 4 shows the
ionization energy of the Al acceptors in 4H-SiC as a function
of the acceptor concentration. The present data are similar to
experimental values reported by Ivanov et al.,22 Matsuura et
al.,23 and Pernot et al.24 The result experimentally obtained
for Al acceptors in 6H-SiC Ref. 25 is also similar to the
data shown in the figure. In general, it is known that the
ionization energy depends strongly on the doping level. Sev-
eral mechanisms describing the reduction in the ionization
energy of impurities have been theoretically considered.26 In
a simple model, the reduction of the ionization energy is
assumed to be inversely proportional to the average distance
between the Al acceptors. This simple relation can be repre-
sented by the following expression:26–28
EA = E0 − NA
1/3
, 7
where E0 is the ionization energy for infinite dilution and 
is a proportion constant. The values of E0=265 meV and
=3.610−5 meV cm were determined by fitting to our
data. The dependence calculated using these values is plotted
as a solid line in Fig. 4.
C. Numerical calculations of temperature dependence
of Hall mobility
To determine which scattering mechanism determines
the mobility in Al-doped 4H-SiC, we calculated mobilities
limited by specific scattering mechanisms. In our calcula-
tions, five scattering mechanisms have been considered: ion-
ized impurity ii scattering, neutral impurity ni scattering,
acoustic phonon ac scattering, polar optical-phonon pop
scattering, and nonpolar optical-phonon npo scattering. For
convenience, a detailed description of the specific relaxation
time is given in Appendix.









=0.66m0 is the hole effective mass in the basal
plane,29  is the average total relaxation time, it can be
written for a nondegenerate semiconductor,





















FIG. 3. The acceptor ionization ratio p /NA as a function of the acceptor
concentration at 300 K. The filled circles and solid curves indicate the ex-
perimental data and calculated results from the neutrality equation assuming
the acceptor activation energies of 130, 160, 190, 220, and 250 meV,
respectively.


























FIG. 4. Ionization energy of the acceptors in 4H-SiC as a function of the
acceptor concentration. Experimental values of Ivanov et al. Ref. 22, Mat-
suura et al. Ref. 23, and Pernot et al. Ref. 24 are also shown. The solid
curve represents the empirical expression with E0=265 meV and =3.6
10−5 meV cm.
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where total	 is the hole momentum relaxation time for a




















where ii	, ni	, ac	, pop	, and npo	 are the relax-
ation times for a hole having the kinetic energy 	 due to
ionized impurity scattering, neutral impurity scattering,
acoustic phonon scattering, polar optical-phonon scattering,
and nonpolar optical-phonon scattering, respectively.
The Hall mobility can be calculated by
H = rH . 11
The magnitude of Hall scattering factor depends on the scat-
tering mechanisms. It can be calculated with the expression


















Figure 5 shows the Hall scattering factor rcalc as a func-
tion of the temperature calculated for holes in Al-doped
4H-SiC using Eq. 12 with the acceptor concentrations of
a 1.81017, b 2.61018, and c 2.71019 cm−3. The
experimental temperature dependence of the Hall scattering
factor rexp was also shown in Fig. 5, which was determined
by Pensl et al.30 from comparing the experimental hole con-
centration measured by Hall effect with the hole concentra-
tion calculated based on the neutrality equation and the de-
fect parameters determined by secondary ion mass
spectrometry and capacitance-voltage technique. The tem-
perature dependence of rcalc is slightly different for different
acceptor concentrations because the dominant scattering fac-
tors are changed. In the acceptor concentration range lower
than 1018 cm−3, the dominant scattering factor is the lattice
scattering as shown in Fig. 6a, and the Hall scattering fac-
tor is insensitive to the acceptor concentration. It is noted
that rexp was tested in the range from 1015 to 1018 cm−3 using
Al-doped 4H-SiC epilayer samples by Schmid et al.,8 and
they concluded that the Hall scattering factor in weekly com-
pensated p-type 4H-SiC does not critically depend on the Al
acceptor concentration. This result is consistent with our cal-
culations. However, rexp and rcalc show the opposite depen-
dence on temperature and rexp is significantly lower than that
of rcalc in the temperature range higher than 200 K. The dif-
ference of the Hall scattering factor obtained by calculation
and experiment in p-type material has been also shown in
GaAs by Look et al.31 They have concluded that the differ-
ence was caused by either the hole scattering theories inad-
equately describe Hall-effect data or the experimental errors
of acceptor concentration measured by electrochemical
capacitance-voltage measurements. The compensation ratio
may also play an important role especially in the low tem-
perature range. The effects of the compensation ratio on the
Hall scattering factor and the hole mobility are still under
study. In the acceptor concentration range higher than
1018 cm−3, on the other hand, the dominant scattering factor
is changed to the neutral impurity scattering as shown in Fig.
6, and the Hall scattering factor close to unity. In this work,
we use the calculated Hall scattering factor in the calculation
of hole Hall mobility.
Figure 6 shows the experimental Hall mobility for the
samples with the acceptor concentrations of a 1.81017,
b 2.61018, and c 2.71019 cm−3 as a function of tem-
perature. The solid curves show the calculated Hall mobility
for holes. The contributions of various scattering mecha-
nisms to the total hole Hall mobility are also shown by bro-
ken lines. The concentration of ionized impurities NiiT and
neutral impurities NniT are given by NiiT=2Ncomp+ pT
and NniT=NA−Ncomp− pT, respectively. Thus, the mobili-
ties determined by the neutral impurity scattering and ion-
ized impurity scattering are strongly dependent on the accep-
tor concentration.
For the sample with the low acceptor concentration Fig.
6a, the mobility decreases with increasing temperature ac-
cording to the T−1.5 dependence below 200 K, and this de-
pendence can be explained by the dominance of acoustic
phonon scattering. In the temperature range higher than ap-
proximately 250 K, the mobility decreases with increasing
temperature according to the T−2.6 dependence. This rapid
decrease in the hole mobility may be attributed to the in-
creased scattering rate for nonpolar optical-phonon scatter-
ing. In the very low temperature range 100 K, the mo-
bility component due to the neutral impurity scattering also





















(a) 1.8 x 1017 cm-3
(b) 2.6 x 1018 cm-3
(c) 2.7 x 1019 cm-3
(d) Pensl et al.
FIG. 5. Hall scattering factor for holes in Al-doped 4H-SiC with the accep-
tor concentrations of a 1.81017, b 2.61018, and c 2.71019 cm−3 as
a function of the temperature calculated with Eq. 12. The solid curve
shows the experimental results of the Hall scattering factor obtained by
Pensl et al. Ref. 30.
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affects the hole mobility, although the influence is rather
small. It should be noted that the hole mobility is not gov-
erned by the mobility component due to the ionized impurity
scattering even at low temperature because of the large ion-
ization energy of Al acceptor and the low compensation
level. For the sample with an acceptor concentration of 2.6
1018 cm−3 Fig. 6b, the neutral impurity scattering is the
most dominant limiting factor of the hole mobility in the
temperature range lower than 250 K. On the other hand, in
the higher temperature range, the hole mobility is more lim-
ited by phonon scattering. For the sample with the higher
acceptor concentration, the measured mobility shows the fea-
ture of neutral impurity scattering, which is insensitive to
temperature, as shown in Fig. 6c. The neutral impurity scat-
tering dominates in all the temperature range from
100 to 500 K in this sample. Because the ionization energy
is larger than 100 meV, as shown in Fig. 4, the ionization
ratio of Al acceptors in 4H-SiC is less than 20% even at
500 K. As a result, most of the acceptors work as neutral
impurities, and the neutral impurity scattering, instead of
ionized impurity scattering, is an important limiting factor
for the hole mobility in the heavily doped 4H-SiC.
D. Parameters for mobility model
The results of our calculations illustrate the importance
of neutral impurity scattering in the determination of hole
mobility and are in good agreement with mobility values
experimentally measured in wide ranges of temperature and
acceptor concentration. However, the computational tech-
nique, based on the solution of the Boltzmann transport
equation, is not convenient for use in device analyses. The
hole mobility in p-type 4H-SiC has been evaluated by using
a Caughey–Thomas empirical model,6,32 which is expressed
as
T,Nimp = min +
maxT − min




where min is the minimum mobility, maxT the maximum
mobility, Nimp the impurity concentration which affects the
mobility, NrefT the reference concentration, and 
T the
fitting parameter. Figure 7 shows the hole Hall mobility as a
function of acceptor concentration at the temperatures
stepped from 300 to 500 K in 50 K increments. The solid
curves depict the fitting results, assuming min=0 cm2 /V s.
The variations of temperature dependent parameters in
Caughey–Thomas model for Al-doped 4H-SiC are shown in






























(a) NA = 1.8 x 10
17 cm-3
total































(b) NA = 2.6 x 10
18 cm-3
total






























(c) NA = 2.7 x 10
19 cm-3
total
FIG. 6. Experimental hole Hall mobility for the samples with the acceptor
concentrations of a 1.81017, b 2.61018, and c 2.71019 cm−3 as a
function of the temperature. The broken curves show the individual theoret-
ical contribution of various scattering mechanisms to limit the Hall mobility.
The scattering mechanisms are ionized impurities ii, neutral impurity ni,
acoustic phonon ac, polar optical phonon pop, and nonpolar optical pho-
non npo. The solid curves show the total Hall mobility considering all the
scattering mechanisms.




























FIG. 7. Experimental hole Hall mobility as a function of acceptor concen-
tration at the temperature stepped from 300 to 500 K in 50 K increments.
The solid curves depict the fitting results to a empirical Caughey–Thomas
model assuming the minimum mobility min=0 cm2 /V s.
013716-5 Koizumi, Suda, and Kimoto J. Appl. Phys. 106, 013716 2009
Downloaded 26 Apr 2010 to 130.54.110.32. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
Fig. 8. These values are obtained by fitting to our data at
each temperature. By using these parameters, the hole mo-
bility at any acceptor concentrations in the wide temperature
range can be predicted, which is useful for device simulation.
The present parameters may be valid for Al-doped 4H-SiC
with a low degree of compensation, and a slightly different
set of parameters may be required for highly compensated
materials such as the Al-implanted layers. The influence of
compensation is under investigation. The physical meanings
of Eq. 14 can be considered as follows.33
1 Nimp usually denotes the total concentration of ionized
impurities.6,34 In the present case, however, the mobility
is mainly reduced by neutral impurity scattering as men-
tioned in Fig. 6, especially for heavily doped samples.
Because of the small ionization ratio of acceptors, we
consider that the neutral impurity concentration is ap-
proximately equal to the acceptor concentration. Thus,
we assumed NimpNA.
2 At very low acceptor concentration with low compensa-
tion, mobility saturates at maxT, which is the lattice-
limited mobility.
3 At very high doping concentration, mobility saturates at
min, which is temperature independent for conventional
semiconductors such as Si and GaAs, because degener-
ate semiconductors show an almost temperature-
insensitive mobility. In the case of p-type 4H-SiC, how-
ever, the temperature-insensitive neutral impurity
scattering limits the mobility in the acceptor concentra-
tion range up to 5.51019 cm−3. The mobility is propor-
tional to the inverse of neutral impurity concentration.
Therefore, it may be reasonable to assume min
=0 cm2 /V s.
4 At the acceptor concentration around NrefT, the contri-
butions of lattice scattering and that of impurity scatter-
ing to the mobility are almost the same. Since the lattice
scattering mechanisms dominate at higher temperatures,
the contribution of neutral impurity scattering is started
at higher acceptor concentrations, at high temperature,
as shown in Fig. 6. Therefore, NrefT increases with
increasing temperature.
5 
T is the temperature dependent parameter corre-
sponding to the reduction of mobility with increasing
acceptor concentration around NrefT, which is limited
by impurity scattering. The value of 
T at low tem-
perature below 150 K is approximately unity. In the
temperature range from 150 to 500 K, 
T decreases
and reaches about 0.5–0.6. The decrease in 
T may be
attributed to increasing concentration of the ionized im-
purity and decreasing that of neutral impurity with in-
creasing temperature. As a result, the contribution of the
neutral impurity scattering decreases.
IV. CONCLUSIONS
We have investigated the electrical properties of Al-
doped 4H-SiC epilayers grown on semi-insulating substrates
in the acceptor concentration range from 31015 to 5.5
1019 cm−3 using Hall-effect measurements. The most por-
tion of the doped Al acceptors works as neutral impurities
due to the large ionization energy. By comparing theoretical
and experimental values of temperature dependent hole Hall
mobility, the dominant scattering mechanism has been dis-
cussed. The neutral impurity scattering becomes a significant
factor when the acceptor concentration is higher than
1018 cm−3, especially at temperature lower than 300 K. In
heavily doped samples 1019 cm−3, the hole mobility is
limited by the neutral impurity scattering even at higher tem-
perature. A Caughey–Thomas model was employed for ana-
lyzing the low-field mobility as a function of Al acceptor
concentration and temperature. An appropriate parameter set
for Al-doped 4H-SiC with low compensation was obtained
by fitting to the Hall mobility data.





































FIG. 8. Caughey–Thomas parameters a maxT, b NrefT, and c 
T
in Al-doped 4H-SiC as a function of temperature.
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APPENDIX: SCATTERING MECHANISMS
1. IONIZED IMPURITY SCATTERING
The scattering by ionized impurities is calculated using
the Brooks–Herring model,35 which uses the screened Cou-
lomb interaction for the scattering potential and treats the
scattering probability in the first Born approximation. To take
into account the p-like wave functions, the relaxation time in
the valence band is multiplied by a factor of 3 /2, as dis-













where s is the static dielectric constant, 0 is the vacuum
permittivity, and L2kD is given by







where k is the electron wave vector, D the Debye screening
length given by
D =s0kBTq2p , A3
where
p = p +
NA − ND − pND + p
NA
A4
is the screening hole concentration surrounding the ionized
impurity, in which ND is the donor concentration. Assuming
spherical parabolic bands, we used k= 2mh
*	 /h21/2 in the
calculations, where mh
* is the effective mass of hole, which
was estimated to be 0.5m0 by fitting to the experimental data.
2. NEUTRAL IMPURITY SCATTERING
The scattering due to the neutral impurity is an important
source of resistance at very low temperatures in a conven-
tional semiconductor because shallow-level impurities be-
come neutral only at very low temperatures. In Al-doped
4H-SiC, however, most of the acceptors are not ionized even
at 500 K because of the large ionization energy of Al accep-
tor. Therefore the neutral impurity is a significant scattering
source at the measured temperatures. The relaxation time for









where Nni=NA−Ncomp− p is the concentration of neutral im-
purities and h is the Plank constant.
3. ACOUSTIC PHONON SCATTERING
The scattering by acoustic phonons is the most important
scattering source in intrinsic or lightly doped semiconductors
at room temperature or higher temperatures. The relaxation







where  is the mass density of the atom, v the velocity of
longitudinal acoustic phonons, and Ev1 the acoustic deforma-
tion potential. We take =3211 kg m−3 as determined by Go-
mes for 6H-SiC Ref. 40 and v=13 730 m s−1 as deter-
mined by Karmann et al.41 for the sound velocity along the
hexagonal axis. Ev1 was estimated to be Ev1=9.5 eV by fit-
ting to the experimental data in the lowest acceptor concen-
tration sample.
4. POLAR OPTICAL-PHONON SCATTERING
The relaxation time for the polar optical phonon scatter-








* 1/2nop1 + op	 1/2 + H	











nop + 1sinh−1 	
op
− 11/2 , A7
where op denotes the polar optical-phonon energy and
H	−op is the Heaviside step function. The term p is
determined through the following relationship: 1 /p
=1 / 0−1 / s0, where  and s represent the high-
frequency and static relative dielectric constants, respec-
tively, 0 denoting the dielectric constant in vacuum. nop
represents the phonon occupation factor of the polar optical
phonons of energy op, that is given by the Bose distribu-
tion nop= expop / kBT−1−1. Since the multiphonon
scattering is not expected to play a significant role, the term
corresponds to the emission of an optical phonon. The term
nop+1 contributes only when it is energetically possible
i.e., 	op. The factor of 1 /2 arises from the p-like sym-
metry of the wave functions.43 We take op=120 meV
Ref. 44 for the polar optical-phonon energy at small values
of the phonon wave vector. For the dielectric constant , we
took = 
2 1/3=6.58, where =6.70 and =6.52
were taken from the values given by Patrick and Choyke.20
5. NONPOLAR OPTICAL-PHONON SCATTERING
The relaxation time for the nonpolar optical-phonon








 n0	 + 01/2 + H	 − 0
n0 + 1	 − 01/2 , A8
where n0= exp0 / kBT−1−1 is the phonon occupa-
tion factor and H	−0 is the Heviside step function. D0
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denotes the optical deformation potential. In the calculations,
we use D0 estimated to be D0=2.81011 eV /m by fitting to
the experimental data in the lowest acceptor concentration
sample. The phonon emission terms n0+1 contribute only
for 	0. Since the difference between the frequencies of
the longitudinal optical-phonon LO and transverse optical-
phonon TO is not very large, it is a reasonable approxima-
tion to adopt a single frequency for the optical-phonon en-
ergy, we use a representative phonon energy 0
=100 meV. This phonon energy corresponds to an average
energy of the optical-phonon modes at the  point of the
Brillouin zone.44
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